Xenopus laevis 5S rRNA isolated from 7S particles or transcribed _!!! vitro is found to adopt two alternative conformations. These two conformers contain different structural elements within the major TF' Ill A binding domain, which, when isolated as RNA fragments, still interact with the transcription factor. Chemical modification of easily accessible adenines in their N-1 position does not have any measurable effect on the binding of 5S rRNA to TF Ill A. These observations are in support of the idea that only a small amount of conserved sequence information is required for the binding of the transcription factor, whereas specific secondary structure features seem to be essential.
INTRODUCTION
TF Ill A, a eukaryotic, RNA polymerase Ill associated transcription factor specifically required for the expression of 5S genes, binds to the intragenic control region of 5S DNA (1) as well as to 5S ribosomal RNA, leading to the formation of the 7S storage particle (7S RNP), found in amphibian oocytes (2) . The factor is composed out of at least two separable functional domains (3) with the DNA binding domain containing a repeated structural element, which might serve as a zinc coordinating nucleic acid binding element (4, 5) . Binding of TF Ill A to 5S DNA has been studied in detail, though the structural basis for the specificity of this interaction is not completely understood. Differential effects have been observed for the coding and non coding DNA strands, with major contact sites located in the RNA-like sequence (6) . The structures involved in RNA binding are less well understood. Use of chemical and enzymatic probes has led to a first description of the Xenopus 5S rRNA domains interacting with the protein {7-9). Binding of heterologous 5S rRNAs has been demonstrated for a variety of diverse species (8, 1 0-12) . The aim of our effort to gain a better understanding of of the RNA/ TF Ill A complex is to allow a structural correlation of the DNA and RNA elements required for the specific interaction with TF Ill A. In this paper, we report on the observation of structural heterogeneity of Xenopus laevis 5S rRNA isolated from 7S particles or transcribed_!!!. vitro, interaction of chemically modified SS rRNA with TF Ill A and on the binding of a set of structurally defined RNA fragments derived from Xenopus SS rRNA to the protein.
MATERIALS AND METHODS
Isolation of Xenopus laevis oocyte SS rRNA and derived fragments SS rRNA was obtained by phenol extraction from 7S particles isolated as described (7) . Fragments were produced by limited enzymatic digestion of SS rRNA under non-denaturing conditions. Hydrolysis of 15Jlg SS rRNA with 1000U nuclease s 1 was in 105Jll buffer A (200mM NaCI, 10mM ZnS0 4 , 60mM NaAc pHS) for 30 minutes at 2s•c. Ribonuclease T 1 (0,33U), T 2 (0,5U) and A(Bng) were used for 30 minutes at 2s•c in buffer B (50mM Tris/HCI pH6,8, 50mM NaCI, SmM MgCI 2 ) with the same amount of RNA. Reactions were stopped by phenol extraction and ethanol precipitation of the RNA. Fragments were then separated on denaturing polyacrylamide gels, localized by UV shadowing (13) , the bands excised and extracted over night in buffer C (O,SM NH 4 Ac, 10mM MgAc, 0,1mM EDTA, 0,1% SDS) at .2s•c. RNA fragments were then desalted by Sephadex G25 chromatography in water, quantified via absorption at 260nm and stored frozen at -2o•c.
RNA sequencing, structural characterization and chemical modification Enzymatic sequence analysis (14) and structural analysis of SS fragments using enzymatic probes (15) were performed as described. Monoperphthalic acid (MPPA) modification of Xlo SS rRNA, quantification and identification of modified adenines were carried out as published (16) .
Separation of the two XIs SS rRNA conformers after transcription_!!!. vitro was obtained under "semi-denaturing" conditions (17), using 15% polyacrylamide gels (30x40x0,05cm) in the presence of 4M urea and 2Jlg/ml ethidium bromide at 8mA for 15 hours. Fingerprinting of the T 1 fragments on PEl cellulose plates was performed as described (18). Separation of the 3'-end labelled Xlo SS rRNA species was obtained by electrophoresis in standard 12% sequencing gels (20x60x0,05cm) at 800V for 15 hours. All the RNAs were eluted from gels as described above and concentrated by ethanol precipitation.
Binding of TF Ill A to RNA In order to measure the binding of modified SS rRNA and RNA fragments to TF Ill A, we have used the transcription competition assay_!!!. vitro in Xenopus laevis oocyte nuclear extracts in principle as described and specified in the legends to the figures (11) .
Separation of the J..!:!. vitro transcription products obtained with cloned somatic and oocyte type 5S DNA transcription units under "semi-denaturing" conditions in the presence of ethidium bromide resolves at least three oocyte 5S products and two somatic 5S species ( Figure 1A ). Fingerprint analysis of the two somatic 5S sized products demonstrates that both RNA molecules contain an identical set of ribonuclease T 1 derived fragments (Figure 1 B) , indicating that the difference in electrophoretic mobility is not due to a 5S rRNA length or sequence heterogeneity, but the result of conformational differences. This idea is further substantiated by the fact that electrophoresis under denaturing conditions gives rise to a single signal only. We conclude that the two somatic 5S rRNA species separated under The UV spectra of 58 rRNA modified for 2 hours and for 24 hours show the expected increase bf absorbance at 232 nm due to maximal absorption of AMP-1N
oxide at this wavelength ( Figure 4A ). Quantitative analysis of these data performed as described (16) conclude that easily accessible adenines in Xlo 5S rRNA are not crucial for the specific interaction with TF Ill A.
Binding of Xenopus 5S rRNA derived fragents to TF Ill A 5S rRNA derived fragments produced by limited enzymatic hydrolysis were isolated from denaturing polyactylamide gels, with yields of 2 to 20pg, which allowed the analysis of their secondary structure as well as of their binding capacity to TF Ill A. An example for the analysis of the secondary structure with one of the fragments using enzymatic probes is shown in Figure 6 . In addition to the identification of the primary sequence, utilization of the double strand specific CSV ribonuclease as well as of the single strand specific nuclease S1 allowed the positive identification of helical elements and loops. Although these experiments do not lead to a complete description of the secondary structure, a reasonable model can be derived with the help of standard stability rules (23) . Examples for the structural solutions of several fragments are shown in Figure 7 . All three RNA molecules displayed contain hairpin-loop structures present in either one of the two conformations of the intact 5S rRNA molecule as shown in Figure 3 reactions; 51-enzymatic hydrolysis with the single strand specific nuclease sl; csvdigestion with the double strand specific ribonuclease from cobra snake venom. Electrophoresis was carried out on 25% sequencing gels. (Table I) . Thus, starting with a mixture of two conformations, 5S rRNA derived fragments appear to maintain original structural domains which do not rearrange during the isolation procedure. The 3'-and 5'-terminal sequences, which have mostly lost their former structural counterparts, will adopt the most stable secondary structure. We conclude that limited enzymatic fragmentation of Xenopus 5S rRNA results in the separation of intact structural domains, which can now be characterized in their· ability to complex TF III A, as compared to the ability of native 5S rRNA.
Using the transcription competition assay described above, we were able to show that nucleotides 41-120 of Xenopus 5S rRNA are sufficient for binding of the transcription factor (11) . Here, we extend our analysis using the same approach with the set of fragments I isted in Table 1 . cleotides 73 to 102) of the standard 5S rRNA conformation (Figure 3 Using the same approach, we find that all the fragments which inhibit transcription specifically (more than 50% inhibition) do also exchange into the 7S particle, albeit with low efficiency (data not shown).
In conclusion, we have identified two RNA structures which appear to contain all the structural information for a specific interaction with TF Ill A. They resemble each other in secondary structure: a continuous helical element with the two complementary strands linked by a four-membered hairpin-loop; in addition, they contain a common, conserved 5S rRNA primary sequence element. We have shown that Xenopus 5S rRNA isolated from 7S particles or transcribed J.!! vitro is structurally heterogeneous. Whether the alternative conformation, which is different from the conserved 5S rRNA secondary structure, is induced by the interaction with the protein cannot be decided on the basis of the data presented here or in related reports. However, structural data on the 7S complex suggest a rearrangement of helix 3 (7, 8, 24) . On the other hand, it is interesting to take note of the fact that both of the discussed 5S conformations contain structural domains which interact with TF Ill A, even in the form of isolated fragments and incapable of structural transitions of the type described for 5S rRNA. Andersen and Delihas (12) have differentiated between a high-and a low-affinity site on TF Ill A for 5S rRNA. Whether these two sites have any preferential affinity for either of the two RNA conformations remains to be tested.
Binding experiments with the MPPA modified 5S rRNA were ment to identify those adenines, which are essential for protein binding, as compared to those adenines, which were protected by the factor against DEP modification and determined earlier in our laboratory (7). Although we were able to modify nearly all the DEP protected As with MPPA (with the possibly important exception of A 74 ), we did not measure any change in TF Ill A binding. Similarly we (11) and others (8, 12) were able to demonstrate binding of a broad variety of different 5S rRNA species to TF Ill A, indicating that only a small amount of conserved primary sequence information is essential for the specificity of this interaction, whereas universal secondary structure elements, such as the described helix-loop domains in the binding minimal fragments, seem to be required. Modification exclusion experiments (25) on the 7S particle might provide a more complete set of data, since the methods employed here were restricted to single stranded areas of the molecule only.
Analysis of the TF Ill A I 5S DNA complex revealed that although a rather extensive region of the DNA (nucleotides 45 to 96) is protected against DNase I digestion (1 ), the actual contact sites for the protein are located between nucleotides 70 and 90 as derived from footprinting of deletion mutants (26) , modification exclusion experiments (6) and point mutational analysis of the SS promoter (27, 28) .
Alignment of the critical part of the 5S promoter helix with the 5S rRNA binding domain ( Figure 9A ) suggests indeed that the corresponding Xenopus DNA and RNA structures required for binding of TF Ill A share common elements in terms of primary sequence and higher order structure. However, so far there is no direct experimental evidence that DNA and RNA bind to the same site on the protein, and, furthermore, the conformations of standard DNA and RNA helices (B-and A-form) exhibit substantial structural differences. The formation of a RNA-like stem and loop structure in the non-coding strand of the DNA as discussed for tRNA genes (29) seems to be highly unlikely, since binding of the protein does not induce major conformational changes in the 58 DNA (30, 31) . Moreover, DNA binding appears to be far more sequence specific than RNA binding (Pieler and Roeder, in preparation). 
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